ABSTRACT Background: Only a few published studies in children used several methods to compare body fat in large groups of fatter and leaner multiethnic children. We hypothesized that the preferred methods of determining body fat may differ in children with larger compared with smaller amounts of body fat, in boys compared with girls, and in African Americans compared with whites. Objective: Our objective was to evaluate several methods of predicting body fat in 10-12-y-old white and African American boys and girls. Design: The body fat of 129 African American and white boys and girls aged 10-12 y, distributed equally by sex and race, was measured with use of dual-energy X-ray absorptiometry (DXA), underwater weighing (densitometry), isotope dilution (H 2 18 O), bioelectrical impedance, skinfold thicknesses, corporal diameters, and circumferences. Results: With use of DXA as the criterion variable, body fat was bimodally distributed in the boys and skewed to higher values in the girls. Biceps skinfold thickness had the highest predictive value of any single skinfold thickness compared with DXA fat. All formulas for estimating body fat from skinfold thicknesses, body density, or impedance performed better in the children in the upper one-half of the fat distribution (the fatter children) than in those in the lower one-half (the leaner children). Body mass index was highly correlated with body fat (R 2 = 0.77); there was a good correlation for the fatter children (R 2 = 0.66) and no correlation for the leaner children (R 2 = 0.09). The hydration of the fat-free mass was significantly higher in the fatter children than in the leaner ones (79.2% compared with 76.7%). Conclusions: These data are consistent with the hypothesis that all methods of estimating body fat work better in children with larger amounts of body fat. The best formulas use skinfold thicknesses, bioelectrical impedance, and a 4-compartment model. Am J Clin Nutr 2001;73:687-702. 
INTRODUCTION
The preadolescent and adolescent years are a period of rapid growth in the body fat and nonfat compartments. Gonadal hormones modify the rapidity of growth and the pattern of fat deposition during adolescence. The prevalence of obesity in children is increasing and childhood is a time of increasing risk of developing obesity and its attendant complications (1, 2) . Several factors are suspected in this trend, including increased food intake, reduced amounts of physical activity in childhood, and a pattern of food intake in which fast foods with a high energy density play an important role (3) .
Not all children are at risk of developing obesity (2) . Most studies suggest that Ϸ30% of the total burden of obesity begins in childhood and the rest in adult life (4) . The prevalence of childhood obesity also shows ethnic and generational differences (4) . In a cross-sectional analysis of the distribution of body mass index (BMI) in 2 samples of 6-and 14-y-old children over an interval of 10 y, Troiano and Flegal (2) showed that the children in the upper part of the BMI distribution had the greatest risk of obesity. When the difference in mean BMI at each interval of BMI was calculated for 2 samples of 6-y-olds or 2 samples of 14-y-olds separated by a decade and this mean BMI difference was plotted against BMI, the lower part of the BMI curve was parallel to the x axis, meaning that the children in this part of the weight distribution were increasing similarly in BMI. For the upper part of the BMI distribution, however, there was an upward slope, meaning that during this 10-y interval BMI had increased more in individuals with higher BMIs. The current study of body composition in preadolescent children was designed to oversample children from the upper and lower parts of the body fat distribution to test the hypothesis that predictive equations for body fat are better at predicting fat in fatter children. We also tested the hypothesis that prediction of body fat differs by race and sex.
Underwater weighing has been the gold standard for measurement of body composition in humans (5) . The 2 widely used formulas by Brozek et al (5) and by Siri (6) were developed in young white men. The applicability of these formulas to growing children of different races has been questioned because the density of lean body mass changes in growing children. For this reason, skinfold-thickness formulas specific for children were developed (7) (8) (9) (10) (11) . With the advent of dual-energy Evaluation of body fat in fatter and leaner 10-y-old African American and white children: the Baton Rouge Children's Study X-ray absorptiometry (DXA) (12, 13) , which measures bone mineral content, lean mass, and fat mass, the assumptions made in the development of the formulas based on density can be examined critically in children (10) .
SUBJECTS AND METHODS

Subjects
The subjects for this study were children from the Baton Rouge, LA, public school system. With the approval of the Superintendent of Schools, the East Baton Rouge School Board, the Louisiana State University Institutional Review Board, and the principals of the 8 schools included, a letter describing the screening study was sent to all children in the 5th grade. We later had to add the 4th grade because the number of black girls below Tanner stage 3 was too small among 5th-grade girls. Those who signed the first consent form (n = 330) underwent an initial screening. During this screening evaluation, triceps and subscapular skinfold thicknesses were measured and Tanner was stage determined by an examiner of the same sex as the participant. Only children at a Tanner stage of 1-2 were included. An equal number of African Americans and whites and an equal number of boys and girls were selected from the screening cohort by sampling from each end of the sum of the triceps plus subscapular skinfold-thickness distribution, which provided a bimodally distributed sample. The final selected sample consisted of 33 white boys, 32 white girls, 32 African American boys, and 32 African American girls who volunteered for the study and whose parents signed a second consent form, which was also approved by the Institutional Review Board and which described the procedures detailed below.
Procedures for measuring body composition
Anthropometry
While the children wore hospital gowns, body weight was measured to the nearest 0.1 kg with an electronic scale (Detecto, Webb City, MO) that was calibrated quarterly and checked with a standard 25-kg weight daily. Height was measured to the nearest 0.5 cm with a wall-mounted stadiometer and BMI was calculated as wt (in kg)/ht 2 (in m). Skinfold thicknesses at the triceps, biceps, subscapula, suprailium, lateral midcalf, and midthigh were measured in duplicate to the nearest 1 mm with a Lange Caliper (Cambridge Scientific Instruments, Cambridge, MD). If the measurements differed by > 2 mm, a third measurement was taken and the measurements were averaged. Sites on the right side of the body were used and identified from the atlas of Lohman et al (14) . All measurements were made by the same individual (DWH). The CV for the sum of 4 skinfold thicknesses was 8.3%. Circumferences were measured in duplicate to the nearest 0.1 cm with a steel tape at the wrist, midthigh, and midcalf by using the positions in the atlas of Lohman et al (14) . Diameters at the shoulder, hip, knee, ankle, and elbow were measured with a stadiometer to the nearest 0.1 cm (Gneupel, Basel, Switzerland) and the average of 2 readings was used.
Underwater weighing
Underwater weight was measured while the subjects wore bathing suits and sat on a submerged chair that rested on 4 force cubes, similar to the method of Akers and Buskirk (15) except that our system used a permanent tank. Residual lung volume was measured with use of a helium dilution technique (Sensormedics PFT, Fullerton, CA) while the subjects were submerged. The precision of this procedure was determined in 10 college-aged students. In this group, the CV for underwater weighing was 2.6% and the CV for residual lung volume was 5.2%, giving a CV for the overall measurement of percentage of body fat of 5.1%.
Isotope ( 18 O) dilution
Total body water (TBW) was measured by H 2 18 O dilution with a dose of 0.3 g H 2 18 O/kg TBW. The 18 O isotope abundances were measured on a Finnigan MAT 252 gas-inlet isotope ratio mass spectrometer (Bremen, Germany) with a carbon dioxide-water equilibration device (16) . Salivary enrichment was measured by comparing a baseline sample with the average of the 2-h and 3-h postdose samples (SD of TBW with use of the 2-h and 3-h samples = 0.16 kg) corrected for revised dilution space constants (17) (18) (19) . It was shown previously that 18 O is fully equilibrated within 2-3 h (19) .
Bioelectrical impedance analysis
Whole-body reactance was measured by using a variable frequency impedance machine (Xitron, San Diego). For the wrist, one electrode was placed to bisect the ulnar head and the other electrode was placed just behind the middle finger. One of the ankle electrodes was placed to bisect the medial malleolus and the other was placed just behind the middle toe. The CV for the measurement of body fat by bioelectrical impedance analysis (BIA) was 4.2%.
Dual-energy X-ray absorptiometry
Whole-body scans were made with the Hologic QDR 2000 in the fan beam mode (Hologic Inc, Waltham, MA). The scans were analyzed by using enhanced WHOLE BODY software (version 5.60; Hologic Inc). For ethical reasons, replicate measurements were not made in children, but repeat scans were made in 5 young adults. In this group, the CV for weight was 0.09%; the CVs for bone mineral content and bone mineral density were 0.8% and 1.3%, respectively; and the CVs for fat-free mass (FFM), fat mass, and percentage of body fat were 0.8%, 1.6%, and 1.7%, respectively.
Multicompartment models
With the data obtained from these studies, several 2-compartment models are possible, as are a 3-compartment and a 4-compartment model. Because several other models in the literature were used to assess the body composition of children in the age range and pubertal status of the children reported here, we compared our data with some of these published models ( Table 1) .
Data analysis
All body-composition variables were analyzed by simple analysis of variance with respect to race and sex, with a medial split for body fat. Percentage of body fat as measured by DXA was chosen as the criterion variable for the analyses in this study because it provides a 3-compartment model with use of a single instrument and was validated in several previous studies (30) (31) (32) (33) (34) . Using DXA, we generated 2 populations with respect to percentage of body fat. The median value was chosen to divide the children into 2 fat groups: those in the upper one-half of the body fat distribution (the fatter children) and those in the lower one-half (the leaner children). All body-composition variables were analyzed with respect to the 2 fat groups by using unpaired t tests. Linear regression analysis was used to compare several different methods of measuring body fat: DXA and the others proposed by different authors. Multiple linear regression with the R 2 variable selection method was used to create a prediction model for percentage of body fat with use of skinfold thicknesses (35) , breadths (35) , and circumferences. Because the graphic inspection of percentage of body fat versus the sum of skinfold thicknesses indicated a nonlinear relation, we logarithmically transformed the sum of skinfold thicknesses. Eventually, considering skinfold-thickness measurements, body density measures, BIA measures, and DXA measures of bone mineral content, all variables were used in an R 2 variable selection process. The best prediction model was identified for all children regardless of sex-race subgroups because none of the tests for different slopes and intercepts among these groups were statistically significant. Within both fat groups, predicted values from this model were compared with observed models in terms of squared correlations. We used SAS (version 6.12; SAS Institute Inc, Cary, NC) to perform all analyses and to create the tables and graphs. Table 2 are the characteristics of all subjects in the study population and of the subgroups according to sex, race, and the median split of body fat as measured by DXA. The age range of the children was narrow because almost all were recruited from the 5th grade. All children were at Tanner stage 1 (n = 101) or Tanner stage 2 (n = 28). A comparison of variables according to Tanner stage showed no significant differences, so the 2 groups were collapsed for all remaining analyses. Heights were variable and body weights even more so, as anticipated by the study design. The boys were significantly taller and heavier and had significantly more bone mineral content than the girls, but body fat was not significantly different between the sexes. Race was 49.6% African American and 50.4% white. There were no significant differences in height or weight between the races but bone mineral content and bone mineral density were significantly higher in the African Americans than in the whites. The mean weight of the fatter children was 14 kg higher than that of the leaner children. Percentage of body fat was nearly double in the fatter children.
RESULTS
Study population
Summarized in
Children were selected from the lower and upper halves of the distribution of the sum of triceps plus subscapular skinfold thickness. The selection strategy was intended to provide a bimodal distribution of body fat; as is shown in Figure 1 , this was accomplished for both sexes and both races. In contrast with the bimodality of body fat, lean body mass as measured by DXA was not bimodal but was normally distributed in the girls, in the boys, and in each race (data not shown). In the remainder of the discussion, the population will be considered as a whole, and each half of the bimodal distribution will be treated separately because prediction formulas that use density, skinfold thicknesses, BIA, or isotope dilution may be different or better in the lower or upper part of the fat distribution.
Anthropometry
The data on skinfold thicknesses, circumferences, and breadths are presented in Table 3 . The boys had larger suprailiac skinfold thicknesses than did the girls, but the other skinfold thicknesses did not differ significantly. Calf skinfold thickness and pelvic breadth were larger in the whites than in the African Americans, but all other anthropometric measures were similar. As planned, the skinfold thicknesses, breadths, and circumferences were greater in the fatter children than in the leaner ones.
We compared the triceps skinfold-thicknesses distribution for the children in our sample with normative data from the National Center for Health Statistics (36) . As shown in Table 4 , the top 2 categories of the distribution were overrepresented in the selected sample (n = 129); there were fewer individuals in the middle categories and in the lowest category. The larger screening sample (n = 309) of children in our study matched the normative data more closely but still overrepresented children in the highest and lowest levels of body fat.
We also compared the BMI data of our sample with normative data obtained by Rossner (37) , who pooled 3 large samples. In that data set, BMI categories were provided for each sex and for both races. As shown in Table 4 , the upper BMI categories were oversampled in our selected sample and the lower ones were less well represented. The larger (n = 330) screening sample more closely matched the normative data but still overrepresented the fatter group. When BMI was compared with body fat by DXA for the entire sample, the correlation was high (R 2 = 0.77), similar to that observed with underwater weighing or skinfold-thickness measures. BMI was also a good predictor of body fat in the fatter children (R 2 = 0.66), whereas there was no significant relation between body fat and BMI in the leaner children (R 2 = 0.09). Shown in Table 5 are the regression models for percentage of body fat as measured by DXA with use of the R 2 variable selection method against all of the anthropometric variables listed in Table 3 . Only the best models with 1, 2, or 3 variables are presented, although models were run for all 14 variables. Biceps skinfold thickness entered the regression model at step 1 and by step 3 was present in all but 1 of the 3-variable models. Calf skinfold thickness and triceps skinfold thickness also entered early and rapidly became dominant.
The same regression model method was used to evaluate anthropometric models for predicting body fat in the subgroups (data not shown). In this model, biceps skinfold thickness was the dominant variable for the white girls and the African American boys but not for the other 2 subgroups. For the African American girls, triceps skinfold thickness was the dominant skinfold thickness; for the white boys, it was a combination of hip circumference, pelvic breadth, and thigh skinfold thickness. The only other group in which breadths or circumferences were important was the African American girls, in whom shoulder breadth entered early.
The R 2 variable selection procedure was also used with the skinfold thicknesses alone, excluding the breadths and circumferences. Biceps skinfold thickness was again the best single variable correlated with percentage of body fat measured by DXA. It also entered into the model with any combination of ≥ 2 skinfold thicknesses for all subjects. In the subgroups, the picture was somewhat different. Biceps skinfold thickness was the best predictor of fat in the white girls, second behind calf skinfold thickness in the African American boys, third behind 2 Significant effect of sex, P < 0.05 (three-way ANOVA). 3 Significant effect of body fat group, P < 0.05 (three-way ANOVA). 4 Significant effect of race, P < 0.05 (three-way ANOVA). When the breadths and circumferences were examined by the R 2 variable selection method, hip circumference and hip breadth were most strongly correlated with body fat (R 2 = 0.70 for hip circumference and R 2 = 0.35 for hip breadth). Waist circumference was the second circumference to enter the model but added essentially nothing (R 2 = 0.86 compared with R 2 = 0.85). Formulas for estimating body fat with use of 1 skinfold thickness or a combination of 2, 3, or 4 skinfold thicknesses are shown in Table 6 for the entire population. For the entire group, the R 2 ranged from 0.77 (subscapular and calf) to 0.85 (biceps), with a minimal mean square error of 15.36-24.23. As shown in 
2 Significant effect of body fat group, P < 0.05 (three-way ANOVA). 3 Significant effect of sex, P < 0.05 (three-way ANOVA). 4 Significant effect of race, P < 0.05 (three-way ANOVA). 
Hydrodensitometry
The density of the children in the selected sample is shown in Table 2 . The only significant difference by subgroups was between the leaner and fatter children (1060 ± 2 g/L in the former compared with 1027 ± 2 g/L in the latter). Next, we evaluated percentage fat as measured by DXA against 5 equations for calculating body fat derived primarily from densitometry (Table 1) (5-9). Four of these 5 formulas used body density calculated by hydrodensitometry alone to calculate body fat, whereas 1 also included age (8) . Some of the formulas were developed specifically for use in children (7) (8) (9) . Overall, the formulas provided comparably good estimates for boys and girls (R 2 = 0.81-0.92). When the fatter and leaner children were examined, however, the R 2 worsened markedly (Figure 3 ; R 2 = 0.51-0.66). As shown in Table 7 , 3 of the densitometry formulas provided reasonably good estimates of overall body fat compared with DXA (5, 6, 9) and 2 others did not (7, 8) . However, these overall estimates may cover up some important differences in the subgroups. The estimate of body fat for boys and girls as a group was almost identical with all 5 formulas, although 3 were better overall. The formulas also provided similar estimates of the body fat of the white and African American children (Figure 4) . The slope for the African American children differed slightly from that for the white children but was similar for all 5 formulas. For any given density, the white children had slightly more fat than did the African American children, except at the lower end of the curves. The problem with skinfold-thickness formulas based on density can be seen from the substantially different estimates of fat for the fatter and leaner children (Figure 3 ). In the area of 15-30% body fat, the formulas derived from density consistently provided higher estimates of body fat in the fatter children than in the leaner ones (with use of percentage of body fat by DXA as the standard).
If these formulas provided consistently reliable estimates of body fat, the slope of the regression line relative to DXA would be 1 and the intercept would be 0. We used regression analysis of percentage of body fat measured by DXA to test this hypothesis. The simultaneous F test rejected the hypothesis that the slope was 1 and the intercept was 0 for all 5 formulas (5-9). The slopes of the Brozek et al (5) and Schutte et al (9) formulas, however, were not significantly different from 1 in the total population and in each of the subgroups. Only the Schutte et al formula had an intercept that was not significantly different from 0. However, the Lohman et al (7) formula and the Weststrate and Deurenberg (8) formula resulted in rejection of the null hypothesis. Among the subgroups, the Brozek et al and Schutte et al formulas were also similar in that neither the intercept nor the slope was significantly different from 0 and 1, respectively. The intercept and slope for the Siri (6) formula were also not significant different from 0 and 1 for the white girls and the African American boys, but for the other 2 subgroups the values were either borderline or significantly different. The tests of whether the slope of the relation between percentage of body fat measured by DXA and the estimate from density for the racial groups was different were as follows: Weststrate and Deurenberg, P = 0.049; Lohman et al, P = 0.078; Brozek et al, P = 0.078; Siri, P = 0.078; and Schutte et al, P = 0.28. Thus, only the Weststrate and Deurenberg formula produced significantly different slopes for the 2 racial groups.
Total body water by isotope dilution
Isotope dilution with H 2 18 O significantly underestimated body fat when 73.2% hydration (the adult value) was used to estimate lean body mass ( Table 2 and Table 8 ). When the average hydration value of 78% for these children was used to calculate body fat, the estimates were good but tended to overestimate fat in the leaner group. The hydration status of the FFM in the fatter children was significantly higher than that in the leaner children (79.2% and 76.7%, respectively). This relation held for both the African Americans (79.8% and 77.1%) and the whites (78.7% and 76.2%) and for both the boys (79.8% and 77.1%) and the girls (78.7% and 76.3%). Percentage of body fat Percentage body fat as measured by dual-energy X-ray absorptiometry was used as the criterion variable; the best models using 1, 2, 3, or 4 skinfold-thicknesses were evaluated for all children and for the fatter and leaner children. MSE, mean square error. measured by DXA and percentage of body fat calculated by isotope dilution were essentially identical in the sex and race subgroups ( Figure 5) . Because protein and minerals are the most dense components in the fat-free body, and water is less dense, the density of the FFM would be expected to decrease with increasing body fatness (41) .
Bioelectrical impedance analysis
BIA provides an estimate of body water from which fat can be calculated. A formula developed in children by Deurenberg et al (23) gave estimates of body fat similar to those measured in our subjects with use of DXA (Table 8) . A formula based on modeling the results from many frequencies that was developed in adults underestimated body fat in all groups. A BIA formula for determining lean body mass that was validated against measurement of body water and density was published by Houtkooper et al (26, 39) . Their formula [TBW = 0.61 (height 2 /R) + 0.25 (body weight) + 1.31, where R is resistance] provided R 2 estimates between 0.81 and 0.95 for all subgroups of our population (sex, race, and fat groups) when compared with FFM by DXA. However, the percentage of body fat obtained with this formula was lower than that measured with use of DXA in all groups (Table  8) . A widely used formula for calculating fat from BIA was published by Kushner et al (20, 40) . This formula, developed in adults, overestimated body fat in all groups of our children. With use of our data, the best fit formula for TBW with use of BIA is TBW = 0.40 (height 2 /R) + 0.148 (weight) + 3.32 (1) for which R 2 = 0.86. We compared the estimates of body water derived with use of this equation with our estimates of body water with isotope dilution. The relation was good, with an R 2 of 0.83. This equation was also used to estimate body water for the fatter and leaner children (R 2 = 0.83 and 0.73, respectively). TBW from our study was plotted against the data obtained with the Kushner et al (20, 40) formula for the 4 subgroups in our study (data not shown). The slope for each of the subgroups was different, indicating the difficulty of using a single formula to calculate TBW in boys and girls of different races. The overall R 2 for the relation of these 2 variables was 0.82. For the subgroups it ranged from 0.81 for the white boys to 0.90 for the white girls. When the slope and intercept were evaluated against the null hypothesis that the slope would be 1 and the intercept 0, the intercept of the equation of Kushner et al was significantly different from 0 but the slope was not significantly different from 1.
Multicompartment models
A multicompartment model for estimating body fat can be developed by using underwater weighing (body density or volume), TBW by isotope dilution, bone mineral content from DXA, and body weight. Using these measurements from the children in the present study, we obtained the following formula:
Percentage of body fat = [2.115 Ϫ 0.436 exp(body density) Ϫ 0.835 (TBW/body wt) Ϫ 4.509 (BMC/body wt)] ϫ 100 (2) where TBW is by isotope dilution and BMC is bone mineral content measured by DXA in kg. The overall R 2 for this model was 0.93. An equally good fit was obtained by using the following formula (although the previous formula gave slighter better correlations in the leaner group):
Percentage of body fat = [Ϫ0.423 + 1.353/density Ϫ 0.830 (TBW/body wt) Ϫ 4.5585 (BMC/body wt)] ϫ 100 (3) for which R 2 = 0.93. Next we compared this 4-compartment model with other 3-and 4-compartment models (28, 29, 42, 43) , with the skinfoldthickness model of Slaughter et al (11) , with the density model of Siri (6, 44) , with the BIA model of Kushner et al (20, 40) (using the value of fat from isotope dilution), and with BMI for the fatter and leaner subgroups ( Table 9) . For the fatter children, all but 2 of the methods of estimating body fat gave R 2 values between 0.66 and 0.84 (6, 21, 22, 44) , but only 5 fell within the 95% CI of percentage fat measured by DXA. The value with use of isotope dilution was closest to the value obtained with use of DXA. For the leaner children, the multicompartment model, the Schaefer et al model (24) , the Siri model (44), and the Goran et al models (10) were within the 95% CI of percentage fat measured by DXA. The R 2 values, particularly for BMI, were lower in the leaner children. Our multicompartment model, the model of Friedl et al (28) , the model of Slaughter et al (11) , and the model of Goran et al (10) had the highest R 2 values (0.53-0.67) in the leaner children.
DISCUSSION
This study is one of the largest cross-sectional studies to use multiple methods of estimating body fat in boys and girls. Our sample of 10-12-y-old boys and girls in Tanner stages 1 and 2 included equal numbers of African Americans and whites. We chose DXA as the criterion method because it entails the use of a single instrument and gives a 3-compartment model that has been widely validated as a reliable estimate of body fat that is relatively independent of hydration (30) (31) (32) (33) (34) . The DXA technique has been validated by chemical analysis (in pigs), by hydrodensitometry, by anthropometry, by BIA, and by measurement of total body potassium (30) (31) (32) (33) .
Our study population was drawn from the local public school system to represent the upper and lower halves of the triceps plus subscapular skinfold-thickness distribution. The bimodality of the body fat distribution was confirmed in all of the measurements. Lean body mass, on the other hand, was normally distributed. By using the data of Frisancho (36) for triceps skinfold-thickness percentiles and that of Rossner (37) for BMI percentiles, we confirmed that we oversampled the upper one-half of the BMI and triceps skinfold-thickness distributions of American children. According to the standards published by Must et al (45) , a smaller percentage of the children in our study had triceps skinfold thicknesses or BMIs above the 95th percentile than expected, and our population had significantly fewer children with BMI or triceps skinfoldthickness values above the 85th percentile. Thus, the overweight part of our sample was largely from the 50th to 85th percentiles.
Our sample fits well within the parameters of other studies of body fat in children. The girls in our sample had amounts of body fat similar to those estimated by Forbes (46) (26.1% in this study compared with 24.9% in the study by Forbes) by use of total body potassium counting, but the boys in the present study were fatter (27% compared with 14.6% in the study by Forbes). Overall, our population was almost identical to the children studied by Goulding et al (47) . Our children were 1 y younger and were shorter and lighter but were fatter than the children studied by Schaefer et al (24) . The triceps, biceps, subscapular, and suprailiac skinfold thicknesses of our population were almost 50% greater than those of the children studied by Schaefer et al (24) . Our population was close in age to the 10-14-y-old groups studied at the US Department of Agriculture facility in Houston (21, 22) , with amounts of body fat that were almost the same. The children studied by Houtkooper et al (26, 39) were heavier, whereas those studied by Hewit et al (27) and Slaughter et al (11) were lighter. (7), and Weststrate and Deurenberg (8) .
Comparison of anthropometric measures in our study with those of other large surveys also provides a gauge of the degree to which the present sample was representative. The Bogalusa Heart Study, a long-standing total community survey of cardiovascular disease risk factors in children and young adults living Ϸ90 miles from Baton Rouge, LA, provides a valuable frame of reference (48, 49) . Overall, our sample from Baton Rouge was slightly taller (145 compared with 139 cm) and heavier (40.8 compared with 37.6 kg) than the Bogalusa one (48) . This was especially true for the boys in our sample, who were Ϸ6 cm taller and 3 kg heavier than their Bogalusa counterparts. In the girls, the differences were much smaller: Ϸ1 cm in height and 3.2 kg in weight. Correspondingly, BMI values were higher in the Baton Rouge group than in the Bogalusa group: 20.0 compared with 16.6 for the boys and 18.4 compared with 17.3 for the girls. In most cases, skinfold-thickness measurements were higher in the Bogalusa sample. At the triceps site, the Baton Rouge boys averaged 15.2 mm compared with 11.4 mm for the Bogalusa boys. For the girls, the situation was reversed: the Bogalusa girls had an average value of 13.9 mm and the Baton Rouge girls averaged 12.2 mm. At the subscapular site, the Bogalusa means exceeded the Baton Rouge means by 1.2 mm in boys and 4.1 mm in girls. Our data on African Americans and whites were similar to those found for 10-y-olds in the National Heart, Lung, and Blood Institute Growth and Health Study (50) .
We conclude that, when DXA is used as the reference method, body fat can be estimated from skinfold thicknesses more reliably in fatter children than in leaner ones. A single, experienced
TABLE 7
Estimates of percentage body fat in the present study with use of skinfold-thickness equations published by several authors investigator (DWH) took all of the skinfold-thickness measurements in our study. Thus, variation would probably be larger in a study with multiple observers. Of the skinfold thicknesses evaluated, the biceps measure had the greatest generalizability, but the R (11) gave the best estimates of fatness for both the fatter and the leaner children.
One issue when using DXA as the reference method is that the calculation software assumes a constant 73.2% hydration of the FFM. However, differences in hydration status can affect the measurement of body fat. Changes in hydration status are detected by DXA as changes in lean tissue mass and hence affect measures of percentage of body fat (51) . To examine the effect of
TABLE 8
Percentage body fat estimated by dual-energy X-ray absorptiometry (DXA), isotope dilution, and bioelectrical impedance analysis (BIA) deviations in the hydration of the FFM in our children, we reanalyzed the data in 20 children, 10 lean and 10 obese, by using the values we obtained in the leaner and fatter children. The overall mean percentage of body fat in these 20 children with use of the hydration observed in the leaner children was 28.0 ± 4.58% fat, similar to what we found with use of the hydration observed in the fatter children (27.8 ± 4.58% fat) and close to that observed with use of the adult value of 73.2% (28.2 ± 4.56% fat). When we used measured hydration status in the leaner and fatter children, we found small differences compared with percentages obtained with use of the standard value of 73.2% (14.6 ± 0.75% compared with 14.9 ± 0.75 % fat in the 10 lean children and 41.2 ± 2.01% compared with 41.45 ± 2.00% fat in the 10 obese children). Therefore, differences in the hydration of the FFM have only a small effect on the percentage of body fat measured by DXA.
Skinfold thicknesses are widely used to assess the prevalence of obesity in children by the National Center for Health Statistics (1, 3, 45) . Most equations for estimating body fat from anthropometry were developed with use of percentage fat measured by underwater weighing. The introduction of DXA, which does not require submersion, has largely replaced hydrodensitometry. We selected several equations for estimating body fat with use of densitometry and applied them to our population ( Table 7) . The 3 equations by Siri (6, 44), Brozek et al (5) , and Schutte et al (9) estimated body fat in the African American and white boys and girls in our sample better than did the other 2 equations (7, 8) . Also, the skinfold-thickness equations derived from measurement of density predicted body fat better in the fatter boys and girls than in the leaner ones, regardless of race. This may have been because the population used to develop the initial equations tended to match the fatter children more closely than the leaner ones. Another explanation for the discrepancy in estimations between the leaner and fatter children is that the density of the lean body of fatter individuals differs from that of leaner individuals. This was noted previously by Deurenberg et al (41) and by Bunt et al (52) .
Because protein and the body mineral content are the most dense components in the fat-free body mass, the density of the FFM decreases with increasing fatness because fat contains less protein and minerals. The relation of the change in hydration to the change in percentage fat in our children was as follows, showing that as fat increases the percentage of hydration also increases:
Percentage hydration = 74.4 + 0.14 (% fat) (4) for which R 2 = 0.141 and P < 0.0001. These limitations to estimating body fat from density suggest that skinfold-thickness equations for estimating body fat should not be based on density alone. The addition of body weight or body water substantially improves the ability of anthropometric measurements to predict body fat as assessed independently by DXA (26, 27, 39, 53) .
Impedance to an alternating electric current in the human body can be used to assess body water. With this method, called BIA, body fat can be calculated by subtracting the weight of the hydrated body from total body weight. Several formulas for estimating body fat in children with use of measurements of TBW made by BIA, density, and skinfold thicknesses have been published (20, 25, 26, 39, 53, 54) . These formulas were improved when body weight was included in the equation along with the resistance index (height 2 /resistance, or Ht 2 /R). Although Deurenberg et al (23) concluded that age-specific formulas are needed to estimate body water by BIA in adolescent boys and girls, other investigators (20, 26) obtained highly significant relations without using subdivisions by age. The formulas developed by Kushner et al (20) and by Danford et al (55) provide almost identical data, as might be anticipated by the similar constants used in the formulas. The data generated with the other formulas were more disperse.
In our children, BIA either overestimated or underestimated body water and thus body fat compared with DXA, depending on the formula used. The correlation between body fat calculated from TBW in our children with use of Kushner et al's (20) equation and percentage of body fat measured by DXA was high (R 2 = 0.80). Because we had an independent measure of body fat determined by DXA, we could calculate whether the exponent of 2 in the resistance index (Ht 2 /R) was the best exponent for height, as suggested in the theoretical models. The actual best exponent was 1.78. However, when this new exponent was used, it produced only a trivial improvement in the variance. When body weight was left out of Kushner et al's formula, the exponent gave a variance of 0.78. When body weight was added in, the R 2 for the best exponent increased to 0.855, not appreciably different from the R 2 of 0.829 for the exponent of 2. Houtkooper et al (39) reached the same conclusion in a similar analysis. Thus, it appears that the exponent of 2 is appropriate to use in the resistance index.
Body 18 O and FFM measured by DXA, we obtained an average hydration in the FFM of our children of 78%. Several studies reported that children have a higher percentage of water in their FFM than do adults (7, (56) (57) (58) , and the value we measured is higher than the adult value of 73.2%. Hewitt et al (27) measured body water in relation to FFM in children aged 8.5 y, in young adults aged 31.1 y, and in older adults aged 69.8 y and reported a value of 72.7% in the children, slightly higher than the 70.8% measured in the young adults. The model that Hewitt et al used was corrected for bone mineral density. However, the bone mineral density in the children in that study was estimated from the bone density of the forearm, which may not provide a valid estimate of the bone mineral content of the whole body. In our study, bone mineral content was determined for the whole body. The hydration of the FFM in our lean children (76.7%) is similar to the hydration reported for a group of children of similar body composition (75.1% in boys and 75.5% in girls), in whom percentage of body fat was 17.4% in boys and 23.9% in girls (compared with 17.2% and 18.7% in our children) (29) . The hydration of the FFM in our lean children is also similar to that observed in 10-y-old girls (76.9%) and boys (75.1%) who were slightly leaner than the children in our study (13.7% and 19 .4% body fat for girls and boys, respectively) (59) . Hydration of the FFM is influenced by adiposity (41, 60) . We observed a significant difference in hydration status by level of adiposity: the fatter children had a higher percentage hydration than did the leaner children (79.4 ± 0.5% compared with 76.9 ± 0.5%; P < 0.0002). Therefore, one must consider the influence of percentage fat on the hydration status of FFM when examining groups with different amounts of adiposity.
BMI was accepted by the World Health Organization and the National Heart, Lung, and Blood Institute as a criterion for categorizing overweight and obesity in adults (4, 61, 62) . BMI was also proposed as a criterion for assessing overweight in children (63) . Goulding et al (47) examined the relation between BMI and percentage of body fat measured by DXA in 199 white girls. In their sample the R 2 for the correlation of these 2 variables was 0.872. Warner et al (64) found that BMI underpredicted adiposity in both healthy children and children with disease. Daniels et al (65) found that the correlation between percentage of body fat measured by DXA and BMI was higher in black and white girls (r = 0.83) than in black and white boys (r = 0.50-0.54). In the study by Pietrobelli (66) , the correlation between percentage of body fat measured by DXA and BMI in children aged 5-19 y was between 0.79 and 0.83. In the present study, BMI had a good correlation with body fat (R 2 = 0.77). The correlation of BMI with percentage of body fat measured by DXA in the fatter children was also good (R 2 = 0.66), but in the leaner children it was only 0.09. We conclude that BMI is a useful operational surrogate for body fat in fatter children, but a poor surrogate in leaner children.
Multicompartment models for estimating body fat have been described for adults (12, 13, 28) . Because body fat was measured by several independent methods in the children in this study, we can also develop a multicompartment model for estimating percentage of body fat. Shown in Table 9 are the resulting R 2 values for estimating body fat with use of several models in all of the children and in the fatter and leaner subgroups. The estimates of body fat for the leaner subgroup were less satisfactory than were those for the fatter subgroup with all methods.
Our data indicate that no 2-compartment model resulted in good predictions of percentage fat in the leaner children in this study. The R 2 variable selection method resulted in a model that included the logarithm of the sum of biceps, calf, and subscapular skinfold thicknesses as well as the exponential function of body density. The analysis showed no significant differences for this model among the sex and race subgroups. The approach using a more complex, multicompartment model with skinfold thicknesses resulted in the following model:
Percentage of body fat = [1.253 -0.322 exp(body density) -0.477 (TBW/body wt) -2.391 (BMC/body wt + 0.078 log (biceps + calf + subscapular)] ϫ 100 (5) for which the overall R 2 was 0.96. When we used this formula in regression analyses against percentage of body fat measured by DXA, the range of R 2 values for the leaner subgroup and for each sex and race subgroup was between 0.61 and 0.79; the range for the fatter subgroup was between 0.82 and 0.98.
In conclusion, in this study all methods estimated body fat with greater precision in the fatter children than in the leaner ones, regardless of sex or race. With use of isotope dilution, the percentage hydration for these 10.8-y-old children was higher in the fatter children and did not differ by sex or race. BMI was significantly correlated with body fat in the whole group but had no relation to body fat in the leaner children. With use of skinfold-thicknesses measurements, the following equations provided the best estimate of body fat in this population:
Percentage of body fat = 9.02 + 1.09 (biceps) + 0.42 (calf) (6) for which R 2 = 0.89, and
Percentage of body fat = 8.596 + 0.81 (biceps) + 0.40 (triceps) + 0.30 (subscapular)
for which R 2 = 0.89.
